We investigated leaf disease intensity of Kalopanax septemlobus (prickly castor oil tree) caused by the parasitic fungus Mycosphaerella acanthopanacis, in thirty natural host populations in the Japanese Archipelago. The disease intensity observed for individual trees were analyzed using a generalized additive model as a function of tree size, tree density, climatic terms and spatial trend surface. Individual tree size and conspecific tree density were shown to have significant negative and positive effects on disease intensity, respectively. The findings suggest that the probability of disease infection is partly determined by dispersal of infection agents (ascospores) from the fallen leaves on the ground, which can be enhanced by aggregation of host trees in a forest stand. Regional-scale spatial bias was also present in disease intensity; the populations in northern Japan and southern Kyushu were more severely infected by the fungus than those in southwestern Honshu and Shikoku. Regional variation of disease intensity was explained by both climatic factors and a trend surface term, with a latitudinal cline detected, which increases towards the north. Further research should be conducted in order to understand all of the factors generating the latitudinal cline detected in this study.
INTRODUCTION
It has been recognized that an accurate understanding of plant-pathogen interaction requires a broad scope of investigation (Burdon and Thrall 2000 , Holdenrieder et al. 2004 , Moore and Borer 2012 , however, fine-scale studies have often dominated forest pathology. At the forest stand scale, key processes connecting the interaction include pathogen dispersal interacting with the spatial patterns of host tree distribution, which can be influenced by landscape structure and biotic factors. Across a region, the spatial distribution of different genotypes of a pathogen and/or host tree can account for the variation in related tree mortality (e.g., McLaughlin 2001), which highlights the temporal and spatial pervasiveness of interacting antagonistic species under geographically differing environmental combinations. Therefore, elucidation of spatially explicit disease intensity at a coarse, regional scale con-The leaves infected by this fungus exhibit light-to darkbrown zonate leaf spots (Fig. 1a) , which can grow to over 3.0 cm in diameter in autumn (Sakaguchi personal observation) . On the infected leaves, the spermagonia of M. acanthopanacis are formed during September to April (Sakamoto 1994) , completing its life cycle. The K. septemlobus trees which are intensively damaged by the disease shed almost all of their leaves by mid-September (Fujimori et al. 2006) . The intensity of the leaf disease varies among individual trees within a forest stand, and shows a negative correlation with decreasing intraspecific tree density (Fujimori et al. 2006) . Also, the seedling mortality of K. septemlobus increases with increasing proximity to conspecific adult trees, which is suggested to be caused by leaf damage due to M. acanthopanacis infection (Fujimori 2007) , indicating that the leaf disease is an important selective force throughout the life cycle of K. septemlobus, limiting tree density in forest stand (Fujimori et tributes increasingly to our understanding of ecological and evolutionary processes in plant-pathogen interaction (Manel et al. 2003 , Thompson 2005 .
A temperate deciduous tree, Kalopanax septemlobus (Thunb. ex Murray) Koidzumi (Araliaceae) is the sole representative of the genus Kalopanax endemic to East Asia (Ohashi 1994 , Ohba 1999 , Xiang and Lowry 2007 . It can be found as a typical sparsely distributed tree species in mesic temperate forests (Sakaguchi et al. 2010) in the Japanese Archipelago, the Korean Peninsula and China. The leaves of K. septemlobus can be infected by Mycosphaerella acanthopanacis Sydow et Hara (Mycosphaerellaceae), an ascomycetous fungus which causes leaf spot disease on the living leaves (Sakamoto 1994) . The ascospores of the fungus are discharged from late spring to early summer from the ascomata formed on the fallen leaves of K. septemlobus on the forest floor (Sakamoto 1994) , and are thought to be blown by wind colonizing living leaves. http://jefb.org dex of MIG in the field survey, because 1) it is relatively easy to observe the uppermost canopy layer of K. septemlobus and 2) the leaf disease caused by M. acanthopanacis is particularly distinguishable owing to its large spot with clear boundary (Ito 1973 , Sakamoto 1994 . Stem diameter was also measured, and geographic location of each tree recorded using a GPS (GPSMAP 60CSx; Garmin, Olathe, KS, USA). To evaluate local host density, we counted the number of conspecific trees within a distance of 20 m from the location of each tree.
Statistical analysis
The MIG index was arcsin-transformed to obtain closer approximation to normality, and was analyzed using a generalized additive model (GAM) with a Gaussian error distribution. We considered five fixed terms in the model as 1) tree basal area (cm 2 ), 2) the number of conspecific trees within a distance of 20 m (tree density), 3) annual mean temperature (°C), 4) precipitation of spring quarter (mm)(from April to June) and 5) a spatial surface factor which was calculated from the geographic components. Annual mean temperature and monthly precipitation were extracted from 1-km mesh climate normals (Japan Meteorological Agency). Non-linear relationships between response and independent variables were assumed for all terms. Complexity of smoothing functions was controlled by a fixed number of degrees of freedom with k = 5 for the spatial trend surface and k = 3 for the other terms in avoidance to surface overfitting. We used R-package mgcv 1.7-0 by Wood (2010) in R 2.12.0 (R Development Core Team 2010, http://www.r-project.org) to obtain parameter estimates.
RESULTS AND DISCUSSION
Visual inspection suggested large-scale spatial bias in the observed MIG (Fig. 1b) . While most individuals were scored a MIG lower than 5 in the populations of southern Honshu, Shikoku and northern Kyushu, the populations in Hokkaido and the northern Honshu showed higher MIG values, some of which included severely infected individuals with MIG scores of over 30 (e.g., HK8 and HN13). In addition, the populations in southern Kyushu and Yaku Island tended to exhibit larger MIG.
All five terms considered in the GAM model were shown to have significant effects on MIG (Fig. 2) . Variation in the MIG of individual trees was partly explained by the factors influencing at local spatial scales. First, tree al. 2006). However, it is largely unknown whether other K. septemlobus populations are infected by leaf spot disease at the same rate as those observed by Fujimori et al. (2006) , although it is of particular importance to elucidate the inter-population variation in the disease intensity on a larger spatial scale, in order to understand the evolutionary aspects of plant-fungus interaction.
Because of the wide distribution range of K. septemlobus and relative ease in evaluating the disease intensity in an individual tree, it is a suitable system for examination of the variation in leaf disease intensity at different spatial scales. In this study, we investigated the leaf disease intensity of K. septemlobus caused by the parasitic fungus M. acanthopanacis in thirty natural host populations in the Japanese Archipelago. We then statistically assessed whether there is a regional spatial bias in disease intensity, with other factors, including local host density, tree size and abiotic environment factors, being assessed as covariates. This is the first field study reporting the existence of spatial bias in leaf disease intensity caused by plant pathogen at the archipelago scale.
MATERIALS AND METHODS

Field survey
From late September to late October in 2007 (Appendix 1), when the size of leaf spot is nearly at its maximum (Sakamoto 1994) , we investigated leaf disease intensity for 827 individual trees in 30 natural populations (27.6 ± 8.7 trees per population; mean ± SD) of K. septemlobus across its distribution range in Japan (Fig. 1b) . To quantatively evaluate the disease intensity of each tree, we employed an index of mean infection grade (MIG) defined for this leaf disease by Fujimori et al. (2006) . Thirty leaves were randomly selected from the uppermost canopy of the trees, inspected from the ground using binoculars (×8), and classified according to five grades that represented the disease intensity of individual leaves. The grades were defined according to the proportion of brown-spotted area on leaves: 1) 0%, 2) 1-25%, 3) 26-50%, 4) 51-75%, and 5) 76-100%. The MIG index was then calculated for each tree using the following equation: MIG = (12.5N 2 + 37.5N 3 + 62.5N 4 + 87. Where N 1 , N 2 , N 3 , N 4 and N 5 are the number of leaves classified into grades 1-5, respectively. We employed the in-Chilvers 1982, Gilbert et al. 1994 , Gilbert 2002 , Yamazaki et al. 2009 , Nossov et al. 2011 ).
The MIG responded in a unimodal way to annual mean temperature (P = 0.002, df = 1.92) (Fig. 2c) , indicating that the disease intensity mediated by interactions of antagonistic species has a temperature optimum. The positive effect was detected for precipitation in the spring quarter (P < 2E-10, df = 1.00) (Fig. 2d) , and the term partially accounted for the observed higher MIG values in southern Kyushu. This relationship between MIG and spring rainfall can be biologically interpreted as increased moisture on the forest floor, which could promote the maturation and subsequent release of ascospores of M. acanthopanacis. Sakamoto (1994) reported that the number of released M. acanthopanacis ascospores from the ascomata rapidly increased after rainfall events during the spring period. Aside from adaptation to local environments in both antagonistic species, the results obtained here suggest that both temperature and precipitation components partly explain large-scale variation of the disease intensity. However, it should be noted that our data is based on observations of just a single year, and so, we cannot fully exbasal area was shown to have a negative effect on MIG (P = 0.003, df = 1.00) (Fig. 2a) . The infection of M. acanthopanacis is carried out via ascospores dispersed from fallen leaves on the ground, and the leaves at the lower part of the living plant start to show earlier spot expansion leading to defoliation (Sakamoto 1994) . Thus, it is likely that ascospore density or probability of infection would be higher at the lower layer in a forest, which exposes individuals with smaller basal areas to higher infection risks. A similar pattern has been reported from the cooltemperate tree species Swida controversa (Hemsl.) Sojak (Cornaceae), where local density controls heterogeneous defoliation due to the infection agent 'zonate leaf blight' (Osono et al. 2004 ). Secondly, this study confirmed that the MIG of K. septemlobus was dependent on conspecific tree density (P < 2E-16, df = 1.99) (Fig. 2b) , as detected by Fujimori et al. (2006) . The finding suggests that aggregation of individual trees would allow the infection agents to be more easily transmitted among individuals at the forest stand scale. There are accumulated evidences which show that host density can be an important predictor of tree seedling mortality and plant growth (Burdon and disease resistance might have been selectively favored during range expansion, which in turn resulted in a greater rate of growth and fecundity. On the other hand, there is currently no information on dispersal ability and geographic variation in the infection and virulence of M. acanthopanacis. However, the population genetic structure is suggestive of a restricted gene flow due to limited spore dispersal in Mycosphaerella species (Hayden et al. 2003 , 2005 , El Chartouni et al. 2011 ). Thus, if there exist multiple infection and/or virulence genotypes of M. acanthopanacis with restricted geographic distributions within the Japanese Archipelago, these could promote local adaptation of co-evolving antagonists, leading to spatial the mosaic of resistance across the host range (Burdon and Thrall 2000, Thompson 2005 ). Overall, this study described a large scale spatial bias in the leaf disease intensity of K. septemlobus, and presented a possible latitudinal cline in intensity by considering the influences of local and regional factors involved in disease infection and prevalence processes. However, it is still largely unknown what factor(s) generated the latitudinal cline from the data we currently have. To fully understand the spatial bias in leaf disease intensity, and to test the hypotheses proposed here, further research should take account of cross-inoculation experiments using multiple samples of both host and parasite species as well as assessment of the genetic basis involving the disease intensity in the future. The spatial trend term showed a latitudinal cline from southern to northern Japan along the archipelago (P < 2E-16, df = 3.90) (Fig. 2e) . Given that the GAM model successfully evaluated the effects of local and climatic factors that influence MIG, we attempted to determine what might cause this latitudinal cline. It was hypothesized that this might be due to a combination of limited distributions of resistance genotypes of host plant, and infection and/or virulence genotypes of parasitic fungi, which can lead to spatial mosaic of disease intensity across the host range. Resistance genotypes or genetic diversity of resistant genes in host plant species are known to show geographic mosaic-like patterns, and sometimes, latitudinal clines in geographic host ranges (e.g., Springer 2007 , Caicedo 2008 . A phylogeographic study of K. septemlobus using nuclear microsatellite markers showed the presence of multiple lineages and significant isolation by distance pattern in Japan (Sakaguchi et al. 2011 (Sakaguchi et al. , 2012 , which indicates that gene flow via seed and pollen dispersal is insufficient to obscure the geographic population structure. Their finding could support the geographically limited distribution of host resistance genotypes in the archipelago, provided the species has a genetic basis for resistance against M. acanthopanacis. The distribution of K. septemlobus is suggested to have been influenced by geographically differentiated effects of climate changes during the Quaternary (Sakaguchi et al. 2010 (Sakaguchi et al. , 2011 . During the last glacial maximum, large and continuous population ranges are thought to have been maintained only in central and southwestern part of Japan, while Hokkaido and the inland mountainous areas of northern Honshu were inferred to have harbored inhospitable climatic conditions for this species. If this is the case, long-term species association (i.e., greater exposure opportunity to selection pressure from the fungus) may have occurred in southern parts of the archipelago, which possibly led to removal of highly susceptible individuals, and thus, increased resistance of genotypes in these areas. On the other hand, population stochasticity, involving population bottlenecks and drifts may have influenced the distribution of resistance genotypes in the course of post-glacial range expansion of K. septemlobus into the northern territories during the Holocene. Such historical range expansion of host plant species is suggested to have shaped the latitudinal cline in genetic diversity of resistance gene homologs in Solanum pimpinellifolium populations (Solanaceae) (Caicedo 2008 AMT, annual mean temperature; SR, rainfall of spring quarter from April to June; N, the number of Kalopanax septemlobus trees observed; MIG, population average of mean infection grade.
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